A scheme is proposed to electrically measure the spin-momentum coupling in the topological insulator surface state by injection of spin polarized electrons from silicon. As a first approach, devices were fabricated consisting of thin (<100nm) exfoliated crystals of Bi 2 Se 3 on n-type silicon with independent electrical contacts to silicon and Bi 2 Se 3 . Analysis of the temperature dependence of thermionic emission in reverse bias indicates a barrier height of 0.34 eV at the Si-Bi 2 Se 3 interface. This robust Schottky barrier opens the possibility of novel device designs based on sub-band gap internal photoemission from Bi 2 Se 3 into Si.
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The most remarkable feature of the three-dimensional strong topological insulators (TIs) is the existence of a metallic surface state within the bulk bandgap with chiral charge carriers exhibiting perfect spin-momentum coupling. The chiral TI surface state has been proposed as the basis of spintronics and quantum computing devices.
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Although the spin helicity of the TI surface has been experimentally measured by spin-angle resolved photoemission spectroscopy (spin-ARPES) [3] [4] [5] , no electrical transport experiment has yet shown clear evidence of it for several reasons. Since spin and momentum are perfectly coupled, non local measurement of a spin current in the absence of a charge current 6,7 is precluded. Perhaps even more importantly, spin precession induced by a weak perpendicular magnetic field is also eliminated by momentum scattering in the diffusive regime. This is particularly problematic since evidence of spin precession and dephasing are used to unambiguously identify spin transport in both inorganic semiconductors 8 and metals 9 . Direct measurement of the spin Hall effect by injection of spin from a ferromagnetic (FM) contact is also problematic since the desired signal will be difficult to distinguish from the ordinary Hall effect due to stray fields from the nearby FM electrode.
More sophisticated measurement geometries are unlikely to solve the problem. For instance, if the FM magnetization is oriented by an in-plane magnetic field at an angle with the charge current, anisotropic magnetoresistance results. This gives rise to a planar Hall effect [10] [11] [12] which is difficult to distinguish from a signal due to the spin-momentum coupling in the TI 13 . The situation would not be different if the current flows perpendicular to the interface between TI and the ferromagnet, since the strong spin orbit interaction of the TI may induce an anisotropic tunneling magnetoresistance signal, as has been observed in devices consisting of a tunneling barrier between a ferromagnet and a non-magnetic layer.
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Here, we propose a class of transport experiments a) Condensed Matter and Materials division, Lawrence Livermore National Laboratory, Livermore, CA 94550, USA (present address) to confirm the spin-momentum coupling in TI surface states which circumvents these problems by injecting spin polarized electrons from a long-distance silicon transport channel into the topological insulator. Detection of the spin-momentum coupling is provided by the intrinsic spin Hall effect in the TI surface in the ballistic regime. The significant advantages of this scheme are (1) the separation of the FM spin source from the TI, made possible by the long spin transport distances achievable in undoped silicon, eliminating stray field effects and magnetoresistance in the TI contacting the silicon; and (2) the possibility of magnetic field-controlled spin precession in the Si channel which allows spin direction control without contact magnetization reversal. Thus the intermediate transport channel provides an unambiguous means to confirm the spin-dependence (and magnetization-independence) of the resulting spin-Hall signals in the TI.
As first steps towards this goal, we have demonstrated the feasibility of fabricating mesoscopic Bi 2 Se 3 devices on bare silicon, measured charge injection across the siliconBi 2 Se 3 interface, and determined the Schottky barrier height of 0.34 eV. This discontinuity between Si conduction band and TI Fermi level determines the initial electron state within the TI bandstructure upon injection across the interface from the Si channel.
We first describe the proposed experiment to use spin injection from silicon to measure the spin Hall effect in Bi 2 Se 3 . As shown in the scheme in Figure 1 , unpolarized hot electrons produced by a tunnel junction are injected from a nonmagnetic cathode (NM) into a ferromagnetic anode (FM) where spin-dependent electron scattering attenuates minority spin electrons. This mechanism has been shown to produce spin polarization over 90% in the ballistic component of this current crossing the Schottky barrier with Si on the other side 16, 17 . After relaxation to the Si conduction band minimum, these spin polarized hot electrons can cross the full thickness of a Si wafer (several hundred microns) under influence of an applied electric field. In Ref. 18 , a subsequent FM spin filter was used to make a spin-dependent measurement of final spin angle and polarization demonstrating coherent spin precession at frequency ω = gµ B B/h during transport through 350 micron-thick Si at temperatures up to 150K. The proposed experiment here will detect the spin through conversion to a charge current through the spin Hall effect due to spin-momentum locking in a TI as follows.
After transport through the Si, spin polarized current is injected into the TI which is electrically contacted at two opposite sides. The injected current in the proposed scheme (where the ferromagnet is placed in the anode of the tunnel junction) can reach 100nA 8 . If spin is locked to momentum, spin "up" will preferentially flow toward one contact, whereas spin "down" will flow to the other, constituting an intrinsic spin-Hall effect. A small perpendicular magnetic field will cause the spins to precess while transiting the silicon, controlling the final spin orientation at the Si-TI interface. The spin angle is gµ B Bt/h whereh is the reduced Planck constant, µ B is the Bohr magneton, B the magnetic field and g the gyromagnetic ratio. For mean transit timet ≈10 ns, precession through a full period 2π requires application of ≈36 gauss, not enough to significantly impact the gapless surface states. Due to spin-momentum locking, the effect is ballistic in nature. The spin polarization of the arriving electrons is detectable only in a region within one mean free path around each electrode, since the mean free path is identical to the spin relaxation length. Hence the signal is expected to scale as l/L where l is the electron mean free path and L is the sample dimension. To maximize the signal the electrodes contacting the TI crystal should be as closely spaced as possible.
For successful injection of spin polarized electrons into the surface states within the bandgap of the TI, the Si conduction band-TI Dirac point discontinuity should be minimized. ARPES experiments indicate that the TI surface state persists as a resonance to energies above the conduction band edge, and retains a degree of spin polarization 3, 19 . However, injection at energies higher than the bulk conduction band edge will populate the spin-textured surface state resonance as well as the spin degenerate bulk states, reducing the signal. Inelastic processes which relax the hot carriers may also relax the injected spin and further reduce the signal. It is therefore of great importance to know the Si conduction band-TI Fermi level discontinuity (Schottky barrier). In the following we describe the procedure we have followed to measure experimentally the Si-Bi 2 Se 3 Schottky barrier.
Exfoliated crystals of Bi 2 Se 3 were deposited on n-type low doped silicon (1-10Ω cm) and a technique was developed as follows to fabricate electrodes on the crystals without having an electrical contact to the silicon. Crystals were grown as indicated in Ref. 20 with a bulk charge density of ≈ 10 17 cm −3 . Prior to exfoliation, the silicon wafer was immersed in 2% buffered hydrofluoric acid (BHF) to remove any oxide layer formed and obtain a good Schottky contact. After exfoliation, thin crystals of about 70 nm thick were identified optically. A negative resist (hydrogen silsesquioxane, HSQ) was deposited and patterned using electron-beam lithography as an insulating layer between the electrodes and silicon. Electrodes were patterned with a positive resist using electron-beam lithography. A good electrical contact to the TI is achieved using a N 2 plasma for several seconds in the contact area 21 before depositing the Cr/Au (10nm/100nm) electrodes. Figure 2(a) shows an optical image of the sample consisting of two independent Bi 2 Se 3 crystals, sample 1 and sample 2. Four probe resistance measurements on sample 1 and two probe measurements on sample 2 ( Fig. 2(b) ) show linear Ohmic behavior, indicating a good electrical contact to the Bi 2 Se 3 . The sheet resistance of the Bi 2 Se 3 was found to be 140Ω and contact resistance 176Ω. The increasing resistance of samples 1 and 2 with increasing temperature shown in Fig. 2(c) indicates metallic behavior. Figure 3(a) shows the I-V characteristic measured between an indium contact to Si and electrode 3 on Bi 2 Se 3 sample 1 at different temperatures. We interpret the sublinear I-V characteristic as that of two back-to-back Schottky diodes: one at the Bi 2 Se 3 -Si interface and one at the indium-Si interface, such that one of the two is in reverse bias regardless of voltage polarity. Figure 3(b) shows the same current vs V M , the voltage drop measured across the Bi 2 Se 3 -Cr/Au interface, as it is represented in figure 3(c) . Here Ohmic behavior indicates that the sublinear characteristic in figure 3(a) does not come from the Bi 2 Se 3 -Cr/Au contact. The Si-Bi 2 Se 3 Schottky barrier height was deduced from the reverse bias saturation current. The negative side of the I-V curve reflects the saturation of the Bi 2 Se 3 -Si diode and the positive side the saturation of the indium-Si diode. Figure 3(d) shows the fit of the saturation current of the Bi 2 Se 3 -Si diode with the Richardson-Dushman thermionic emission theory,
where φ B is the Schottky barrier height and A * the Richardson constant, 4π qm 21, 26 ). Because the bandgap of Bi 2 Se 3 is only 0.3 eV < φ B 1 , electrons from the Si conduction band are resonant with bulk conduction band states in the Bi 2 Se 3 even if the Fermi level lies in the gap, hence injection will occur into the spin-textured surface resonance as well as the spin degenerate bulk states. This difficulty can be potentially addressed by effectively eliminating the Schottky barrier by degenerately doping the silicon surface such that the depletion region is transparent to tunneling.
Alternatively, the existence of a robust Schottky barrier at the TI-Si interface can be exploited in other novel device designs intended for study of the spin-polarized properties of the surface states. For example, oblique illumination of the TI-Si interface with circularly-polarized infrared photons of energy hν >0.34eV will result in spinselective surface-state electron excitation into the Si conduction band, in an internal process 27 analogous to recent (vacuum) photoemission experiments 5 , without the need for high-energy ultraviolet photons. Although en-ergy and momentum dispersion information is lost by scattering during transport through the Si, subsequent spin detection of this photocurrent with semiconductor-FM metal-semiconductor structures as in conventional spintronic devices 8 can then be used to study the spin properties of the surface state assuming hν <≈ 0.7eV (set by the Schottky barrier height of the FM/Si detector interface). This scheme has the added benefit that external probes such as mechanical strain (precluded by the requirements of surface science methods like ARPES) can be readily applied in the ex-situ measurement environment.
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